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The stacking sequence of hexagonal close-packed and related crystals typically results in steps on
vicinal {0001} surfaces that have alternating A and B structures and growth behaviors. However,
because it is difficult to experimentally identify which step is A or B, it has not been possible to
determine which has faster adatom attachment kinetics. We show that surface X-ray scattering can
unambiguously differentiate the growth behavior of A and B steps. Measurements performed in
situ during growth of (0001) GaN find that the average width of terraces above A steps increases
with growth rate, indicating that attachment rate constants are higher for A steps, in contrast to
most predictions.
Our understanding of crystal growth is built on a pow-
erful paradigm quantified by Burton, Cabrera, and Frank
(BCF) [1–3], in which atoms are added to the grow-
ing crystal surface by attachment at the steps forming
the edges of each exposed atomic layer, or terrace. The
BCF model was originally developed for crystals with
step heights of a full unit cell and step properties that
are identical from step to step, for a given step direc-
tion. When the space group of the crystal includes screw
axes or glide planes, the growth behavior on facets per-
pendicular to one of these symmetry elements can differ
fundamentally [4]. In this case, the terraces can still all
have the same atomic termination, but now have different
in-plane orientations of their top layer. The fractional-
unit-cell-height steps that separate these terraces have
structures and properties that can vary from step to step,
even for a fixed step direction.
A particularly subtle version of this effect occurs on
the basal-plane {0001}-type surfaces of crystals hav-
ing hexagonal close-packed (HCP) or related structures,
which are normal to a 63 screw axis. Such crystals are
made up of close-packed layers with 3-fold symmetry that
alternate between opposite orientations, as shown by the
α and β terrace structures in Fig. 1(b). On a vicinal
surface, the αβαβ stacking sequence typically results in
half-unit-cell-height steps. The lowest energy steps are
normal to [0110]-type directions, and have alternating
structures conventionally labelled A andB [5, 6] as shown
in Fig. 1(a). When the in-plane azimuth of a step changes
by 60◦, e.g. from [0110] to [1010], its structure changes
from A to B or B to A.
The alternating nature of the steps on such surfaces
has been imaged in several systems, including SiC [7],
GaN [5, 8–12], AlN [13], and ZnO [14]. These systems
typically show a tendency for local pairing of steps (i.e.
alternating step spacings), and an “interlaced” structure
in which the step pairs switch partners at corners where
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FIG. 1. Terrace and step structure of vicinal (0001) surface of
an HCP-type crystal. (a) Circles show top-layer sites on each
terrace, with color indicating height. Steps typically have
lowest edge energy when they are normal to [0110], [1010], or
[1100]. Steps in a sequence have alternating structures, A and
B. (b) Detail of α and β terrace structures. Orientation of
triangle of top-layer atoms around 63 screw axis shows differ-
ence between layers. (c) BCF theory kinetic coefficients for
adatom attachment or transmission at each step.
their azimuth changes by 60◦. These features are con-
sistent with predictions that A and B steps have signif-
icantly different attachment kinetics [5, 10, 12, 15–20]
that lead to unequal local fractions of α and β terraces
during growth. However, it has not been possible to ex-
perimentally distinguish the terrace orientation or step
structure, and thus to determine whether A or B steps
have faster kinetics.
Here we show that in situ surface X-ray scattering can
distinguish the fraction of the surface covered by α or β
terraces during growth, unambiguously determining dif-
ferences in the attachment kinetics at A and B steps.
This is enabled by a high-quality single-crystal sample
2and a micron-scale X-ray beam that illuminates a sur-
face region with a uniform step azimuth. We demonstrate
this for organo-metallic vapor phase epitaxy (OMVPE)
of (0001) GaN, since the step properties of this surface
have been a matter of some disagreement. A seminal
study [5] of MBE growth of GaN observed alternating
step shapes and proposed that the kinetic coefficients for
adatom attachment are higher for A steps than B steps,
i.e. A steps grow faster for a given supersaturation. The
support for this highly cited prediction is based on an
argument regarding the difference in dangling bonds be-
tween A and B steps, and an analogy with experimental
results on GaAs (111) [21]. (Such face-centered cubic
materials have A and B type steps that do not alternate
between successive terraces and thus can be distinguished
by their orientation [6].) However, subsequent theoreti-
cal studies of GaN (0001) OMVPE and MBE have con-
sistently predicted that A steps have smaller adatom at-
tachment coefficients than B steps. These have included
kinetic Monte Carlo studies [15–18], arguments regarding
dangling bonds [12], and ab initio calculations of kinetic
barriers [19, 20]. Since these predictions rely on assump-
tions about the chemical states of adatoms, steps and
terraces to build atomistic models of kinetic processes,
there is a clear need for in situ measurements of the ki-
netics at A and B steps in relevant growth environments.
We present measurements of crystal truncation rods
(CTRs) carried out in situ during OMVPE of (0001)
GaN. CTRs are streaks of intensity extending in recip-
rocal space away from every Bragg peak in the direction
normal to the crystal surface, which are sensitive to the
surface structure [22]. We fit a model structure to these
measurements to obtain the variation of the steady-state
α terrace fraction fα as a function of growth conditions,
as well as the relaxation times of fα upon changing condi-
tions. These results are compared to calculated dynamics
based on a BCF model for a system with alternating step
types, to quantify the differences in the attachment rates
at A and B steps. Additional information on all these
aspects is provided in a companion paper [23].
Figure 2 shows calculated intensity distributions along
(011L) and (101L) CTRs for the GaN (0001) surface,
demonstrating how their shapes vary with fα. Measure-
ments discussed below indicate that the GaN surface un-
der OMVPE conditions has a 3H(T1) reconstruction, in
which 3 of every 4 Ga atoms in top-layer sites shown in
Fig. 1 is bonded to an adsorbed hydrogen. The calcu-
lations in Fig. 2 include the effect of this reconstruction
using relaxed atomic coordinates that have been calcu-
lated previously [24]. For fα = 0 and fα = 1, there
are alternating stronger and weaker intensities between
the Bragg peaks, with the alternation being opposite for
(011L) and (101L). For fα = 0.5, the intensities be-
tween the Bragg peaks are about the same, and there is
no difference between the (011L) and (101L) CTRs. As
required by symmetry, the (011L) CTRs with fα = X
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FIG. 2. Calculated CTR intensities for a vicinal surface
with the 3H(T1) reconstruction. Top and bottom rows shows
the families of CTRs along (011L) and (101L), respectively.
Black, red, green, blue, cyan, and magenta curves are for
CTRs from the L0 = −1 to 4 Bragg peaks, respectively. Val-
ues of fα for each column are given at the top.
are identical to the (101L) CTRs with fα = 1 −X , for
any value X . The same qualitative behavior is obtained
for alternative surface reconstructions [23].
We performed in situ measurements of the CTRs in the
OMVPE environment at the Advanced Photon Source
beamline 12ID-D [25]. At an incidence angle of 2◦, the
10 µm X-ray beam illuminated an area of 10 × 300 µm.
To obtain sufficient signal, we used a wide-bandwidth
“pink” beam setup [26, 27]. Two types of measurements
were performed. We determined the steady-state terrace
fractions f ssα under four different growth/evaporation
conditions by scanning the detector along the (011L)
and (101L) CTRs while continuously maintaining steady-
state growth or evaporation. We also observed the dy-
namics of fα after an abrupt change in conditions.
The four conditions studied are summarized in Table I.
Deposition is transport limited, with the deposition rate
proportional to the supply of the Ga precursor (triethyl-
gallium, TEGa), with a large excess of the N precursor
(NH3) constantly supplied. We investigated conditions of
zero deposition (no supply of TEGa) as well as a TEGa
supply of 0.033 µmole/min. For both of these deposition
rates, we used two carrier gas compositions: 50% H2 +
50% N2, and 0% H2 + 100% N2. The addition of H2
to the carrier gas enhances evaporation of GaN, so that
the net growth rate (deposition rate minus evaporation
rate) is slightly lower; at zero deposition rate, the net
growth rate is negative. The net growth rates G deter-
mined for all four conditions [23] are given in Table I.
The substrate temperature was 1077 ± 5 K for all four
conditions. The substrate used was a GaN single crystal
[28] with an offcut of 0.52◦ from (0001) on an azimuth
5◦ from [0110] towards [1010]. With this low-dislocation-
density substrate and at these low growth rates, the pre-
3TABLE I. Values of terrace fraction fssα obtained from fits
to CTR intensities measured under 4 growth conditions.
Growth TEGa flow H2 frac. Net growth Terrace
condition (µmole in rate G fraction
index /min) carrier (ML/s) fssα
1 0.000 50% -0.0018 0.111 ± 0.013
2 0.000 0% 0.0000 0.461 ± 0.018
3 0.033 50% 0.0109 0.811 ± 0.014
4 0.033 0% 0.0127 0.868 ± 0.011
viously reported instability to step bunching [29] was not
observed.
Figure 3 shows the measured steady-state CTR inten-
sities as a function of L, for both the (011L) and (101L)
CTRs and at all four conditions. The qualitative be-
havior agrees with that expected from a variation in fα
shown in Fig. 2, with alternating higher and lower inten-
sities between the Bragg peaks under some conditions,
and opposite behavior of the two CTRs. To obtain val-
ues of the steady-state terrace fraction f ssα for each of the
four conditions, we fit calculated CTR intensities to the
measured profiles. For each condition, both the (011L)
and (101L) CTRs were simultaneously fit [23]. Fits are
shown in Fig. 2, and values of f ssα obtained are given in
Table I. While the 3H(T1) reconstruction gives the best
fit to all conditions, similar f ssα values are obtained using
alternative reconstructions [23].
The marked increase in fα as G is increased reveals
the qualitative difference between the kinetics at A and
B steps during OMVPE of GaN: adatom attachment co-
efficients for A steps are larger. Thus a surface with ini-
tially equal α and β terrace fractions will evolve to one
with a high fα during growth, because of the initially
higher adatom attachment rate at the A steps. Likewise,
the higher detachment rate at A steps during evaporation
will give a low fα.
We also observed the dynamics of the change in fα by
recording the intensity at a fixed detector position as a
function of time before and after an abrupt change be-
tween conditions, as shown in Figure 4(a). We chose posi-
tions near L = 1.6 where the X-ray reflectivity R changes
almost monotonically with fα. It is thus straightforward
to obtain fα(t) from the intensity evolution using the cal-
culated R(fα) [23], as shown in Fig. 4(b). The character-
istic relaxation times (1/e decay point) were 2200± 200
s and 340± 30 s for the transitions from conditions 1 to
2 and 2 to 4, respectively.
To quantitatively relate the behavior of the terrace
fraction to the kinetic properties of A and B steps, we
have developed a model [23] based on BCF theory. Such
models have been used extensively to understand growth
behavior such as the step-bunching instability [30], pair-
ing of steps [31], and competitive adsorption [32], typi-
cally where all steps in a sequence are equivalent. In our
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FIG. 3. Circles show measured net intensities of the (011L)
CTRs and (101L) CTR families (left and right) for CTRs
from the L0 = 0, 1, 2, 3 Bragg peaks, at each of four growth
conditions. Curves show fits of both CTRs to obtain steady-
state α terrace fraction fssα at each condition.
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FIG. 4. Dynamics following a change of condition at t = 0.
(a) Measured CTR intensities. (b) Calculated terrace frac-
tions fα. Blue curves: condition 1 to 2 on the (1012) CTR at
L = 1.627. Red curves: condition 2 to 4 on the (0112) CTR
at L = 1.603. Circles show 1/e relaxation times 2200 ± 200 s
and 340 ± 30 s.
4model, we consider an alternating sequence of two types
of terraces, α and β, and two types of steps, A and B,
with properties that can differ, as shown in Fig. 1(c). We
include the effects of step transparency [33] (i.e. adatom
transmission across steps) and step-step repulsion [2].
The rate of change in the adatom density per unit area
ρi on terrace type i = α or β is written as
∂ρi
∂t
= D∇2ρi −
ρi
τ
+ F, (1)
where D is the adatom diffusivity, τ is the adatom life-
time before evaporation, and F is the deposition flux of
adatoms per unit time and area. The four boundary con-
ditions for the flux at the steps terminating each type of
terrace can be written as
−D∇ρ+α = +κ
A
−(ρ
+
α − ρ
A
eq) + κ
A
0 (ρ
+
α − ρ
−
β ), (2)
−D∇ρ−α = −κ
B
+(ρ
−
α − ρ
B
eq)− κ
B
0 (ρ
−
α − ρ
+
β ), (3)
−D∇ρ+β = +κ
B
−(ρ
+
β − ρ
B
eq) + κ
B
0 (ρ
+
β − ρ
−
α ), (4)
−D∇ρ−β = −κ
A
+(ρ
−
β − ρ
A
eq)− κ
A
0 (ρ
−
β − ρ
+
α ). (5)
As shown in Fig. 1(c), κj+ and κ
j
− are the kinetic coef-
ficients for adatom attachment at a step of type j = A
or B from below or above, respectively, and κj0 is the ki-
netic coefficient for transmission across the step. The +
or − superscripts on ρi and ∇ρi indicate evaluation at
the downhill or uphill terrace boundaries, respectively.
We consider the overall vicinal angle of the surface to fix
the sum w of the widths of α and β terraces, which are
thus fαw and (1 − fα)w. We also assume relations be-
tween the equilibrium adatom densities at the steps ρjeq
and the terrace widths that reflect an effective repulsion
between the steps owing to entropic and strain effects [2],
ρjeq = ρ
0
eq exp(µj/kT ), (6)
where ρ0eq is the equilibrium adatom density at zero
growth rate, and the step chemical potentials µj are
µA
kT
= −
µB
kT
= M(fα) ≡
(
ℓ
w
)3 [(
1− f0α
1− fα
)3
−
(
f0α
fα
)3]
,
(7)
where ℓ is the step repulsion length and f0α is the terrace
fraction at zero growth rate.
To solve this model we develop a quasi-steady-state
expression for the dynamics of the terrace fraction fα.
Under fairly general assumptions [23], the behavior of fα
can be written as a function of the net growth rate,
G =
F − ρ0eq/τ
ρ0
. (8)
This is simply the difference between the deposition F
and a uniform evaporation ρ0eq/τ , converted to ML/s us-
ing the site density ρ0. The rate of change in fα is
dfα
dt
= Kdyn(fα)
(
G
Kss(fα)
−
4M(fα)ρ
0
eq
wρ0
)
, (9)
TABLE II. Parameter values obtained from the fit shown
in Fig. 5, using w = 5.7 × 10−8 m, ρ0 = 1.13 × 10
19 m−2
corresponding to the experiments. In this limit κA+ >> κ
A
−,
while κA−, κ
B
−, and κ
A
0 approach zero.
Parameter Value Units
D/κB+ 1.9 × 10
−8 (m)
D/κB0 1.1 × 10
−8 (m)
Dρ0eqℓ
3 3.3× 10−23 (m3/s)
f0α 0.44 −
where we have introduced the combined kinetic coeffi-
cient functions Kss(fα) and K
dyn(fα), which in the gen-
eral case depend on all six κjx coefficients [23].
The full steady state dfα/dt = 0 is obtained at a growth
rate of
Gss(fα) =
4Kss(fα)M(fα)ρ
0
eq
wρ0
. (10)
This equation for Gss(fα) can be inverted to obtain the
steady-state value f ssα as a function of G.
We performed fits to the measured quantities (four f ssα
and two relaxation times) using the general expressions
for Kss(fα) and K
dyn(fα) [23]. The best fit, shown in
Fig. 5, was obtained in the limit in which the κA+ co-
efficient is large, while the κA−, κ
B
−, and κ
A
0 coefficients
approach zero. In this case Kss(fα) and K
dyn(fα) can
be written as [23]
K
ss(fα) =
[
1
κB+
+
(1− 2fα)
κB0
−
wfα(1− fα)
D
]−1
,
(11)
K
dyn(fα) =
[
1
κB+
+
1
κB0
+
w(1 − fα)
D
]−1
. (12)
We can fit the measurements directly using these ex-
pressions to obtain the four parameters given in Ta-
ble II. Using estimates of D ≈ 1.4 × 10−7 m2/s and
ρ0eq ≈ 3.4 × 10
11 m−2 [23], these parameters imply ki-
netic coefficients of κB+ ≈ 7.4 m/s and κ
B
0 ≈ 13 m/s, and
a step repulsion length of ℓ ≈ 9× 10−10 m.
Our primary result, the positive slope of f ssα (G), deter-
mines the basic nature of the adatom attachment kinetics
at A and B steps for GaN (0001) OMVPE. In general,
this positive slope implies that A steps have faster ki-
netics than B steps, i.e. the attachment coefficients κAx
are larger than the κBx . While a similar general shape of
f ssα (G) is produced by many combinations of the parame-
ters in the BCF model that have faster A than B step ki-
netics, the best fit to our measurements is obtained in the
specific limit of Eqs. (11,12). In this limit the A step has
much faster attachment kinetics than the B step, with
κA+ >> κ
B
+. This limit also indicates that both A and B
steps have standard positive Ehrlich-Schwoebel barriers,
with adatom attachment from below significantly faster
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FIG. 5. Comparison of best-fit BCF model calculation to
experimental points fssα vs. G. Also fit simultaneously with
these four points were the two relaxation times given in Fig. 4.
than from above for the same supersaturation, and that
the A step is non-transparent. We find that f0α differs
only slightly from the symmetrical value of 1/2.
Our conclusion that A steps on GaN (0001) have higher
attachment coefficients than B steps agrees with the orig-
inal prediction [5], and motivates further theory develop-
ment beyond [12, 15–20], in which various assumptions
lead to the opposite conclusion. Both the predicted and
observed step behavior can depend upon the chemical en-
vironment (e.g. OMVPE vs. MBE) and how it passivates
the step edges. For example, a study of AlN OMVPE [13]
found that fα apparently varies when large changes are
made in the V/III ratio. It will be of interest in future
theoretical work to consider GaN (0001) in the OMVPE
environment with the 3H(T1) reconstruction.
These measurements demonstrate that microbeam X-
ray scattering from surfaces with well-defined step az-
imuths can distinguish the fraction of α and β terraces.
In situ measurements of this type during growth can thus
unambiguously differentiate the growth behavior of A
and B steps on basal plane surfaces of any HCP-type
crystal. These include not only important compound
semiconductors, but also a third of the crystalline ele-
ments and numerous more complex systems.
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